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Abstract

The study of dissociating methanol on vanadium surfaces was investigated in
order to provide insight into reaction pathways for methane dissociation and partial
oxidation into other feedstock chemicals. The construction of a custom-designed
ultrahigh vacuum chamber was done to permit surface analysis to a greater extent than
was previously available in the lab. Prior to experimentation, the clean vanadium surface
was characterized through use of X-ray photoelectron spectroscopy, scanning electron
microscopy, and energy dispersive X-ray spectroscopy. This surface characterization
revealed significant oxidation of the vanadium surface from atmospheric oxygen, water
and carbon dioxide. The direct dissociation and partial oxidation of methane on a
vanadium surface was studied experimentally with preliminary experimentation being
conducted involving the direct dissociation of methanol on vanadium. This interaction
between methanol and the vanadium surface was analyzed through a combination of
reflection absorption infrared spectroscopy (RAIRS) and temperature programmed
desorption (TPD). At surface temperatures of 100 K, it was found that methanol adsorbs
onto the vanadium surface dissociatively. While RAIRS experiments suggest that
methanol and products desorb from the surface at 185 K, TPD suggests that some species
remain until at least 225 K. At dosages of 10 L and greater, methanol adsorption induces
oxidation of the vanadium surface as illustrated by the formation of features
corresponding to V-O-V vibrations in the RAIRS.
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CHAPTER 1: INTRODUCTION

Section 1.1: Motivation and the Choice of a Vanadium Surface.
According to information provided by the Energy Information Administration’s
2015 yearly energy summary, the United States used over 650 million metric tons of
natural gas (approximately 95% of which is methane), clearly showing it to be a widely
consumed natural energy source.1 Because of the inherent difficulties of storing and
transporting gases, it is highly desirable to convert methane via partial oxidation into a
more easily stored and transported liquid fuel such as formaldehyde or methanol, instead
of dealing with methane’s current gaseous state. Moreover, the production of feedstock
chemicals and potential pharmaceutical applications make this a desirable process. Many
experiments have already been performed to develop a cost-effective method for methane
dissociation,2−5 though none have yet found a method that is optimal on a large scale. As
such, corporations approach this industry with various business models. On one hand,
many established corporations typically favor large production plants using the known
multi-step method outlined below. This can be seen by an existing $5.2 billion venture by
the Chinese government in the construction of three new methanol plants in the Pacific
Northwest.6 Conversely, smaller and more recently formed corporations will favor newer,
ecofriendly production methods as a means to create biodegradable plastics.7
One of the biggest challenges in the process is finding a means of limiting
methane’s non-selective oxidation into CO and CO2. Currently, the most utilized method
in industry of methane conversion is a roundabout two-step process. The initial step
involves converting methane into syngas (synthetic gas), which is a mixture of H2 and
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CO gases, by reacting the methane with water in a process called steam reforming. The
second step consists of converting the syngas into liquid formaldehyde and hydrocarbon
byproducts by means of the Fischer-Tropsch process.2-5 It should be noted that this
second step also yields small amounts of alcohols and alkenes.8 The current two-step
method for the synthesis of formaldehyde from methane is an endothermic process at
standard temperature and pressure as denoted by Equations 1.1 and 1.2. However, a
direct conversion process via partial oxidation is an exothermic process as shown by
Equation 1.3.
Eq. 1.1

CH4 (g) + H2O (g) à CO (g) + 3 H2 (g)

ΔrHo = +206 kJ/mol

Eq. 1.2

CO (g) + H2 (g) à CH2O (g)

ΔrHo = +117 kJ/mol

Eq. 1.3

CH4 (g) + O2 (g) à CH2O (g) + H2O (l)

ΔrHo = −320 kJ/mol

Within a typical, single-step reaction, methane favors complete oxidation, forming
carbon dioxide gas and water, as this process is far more exothermic at −890 kJ/mol than
Equation 1.3.
In industry, commonly used catalysts in similar reaction pathways are various
derivative particles of vanadia (VOx) and vanadia bulk structures.9,10,16-20 Vanadia
catalysts are widely used in industry due to their tendency to favor partial oxidation
pathways.9-15 This catalyst is commonly used in the oxidative dehydrogenation of
methanol to formaldehyde, but is also used in many other reactions.9-15 Furthermore,
catalytic reactions on vanadia tend to follow a Mars-van Krevelen mechanism.9,10 This
mechanism states that a surface adsorbate (A) will preferentially bind with adsorbed
oxygen (Oads) to form A-Oads. A-Oads then molecularly desorbs from the surface, leaving
a hole in the surface where the adsorbed oxygen used to be. This hole is then filled by
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atmospheric oxygen. According to this mechanism, ambient oxygen does not directly
react with adsorbates but does play a crucial role in replenishing the vanadia catalyst.
While vanadia catalysts have been shown to be good for partial oxidation of
methanol to formaldehyde, vanadium catalysts with lower oxygen content may provide
the highest yields since the limited oxygen may favor partial rather than complete
oxidation..9,10,16,18-20 Furthermore, the use of other common and potent metal catalysts
such as platinum and palladium is unfavorable due to the high cost of these catalytic
metals. Therefore, we propose the use of a clean vanadium surface instead of using either
vanadia or an alternative metal with the idea that the lack of bulk oxygen on the
vanadium surface will prevent total oxidation and, therefore, result in the partial
oxidation of methane to feedstock chemicals, while still maintaining a lower overall cost.

Section 1.2: Surfaces and Catalysis
An important aspect in surface chemistry is to differentiate between absorption,
adsorption, and desorption. Absorption is when molecules are taken up by various means
into the bulk of a structure. Adsorption refers to the process where molecules bind or
attach themselves to a bulk’s surface, but do not enter the bulk itself. Desorption refers to
the process where molecules detach from a given surface. Note that desorption is the
opposite of adsorption (not absorption). All three phenomenon are illustrated in Figure
1.1. Adsorption can be described more specifically as chemisorption or physisorption.
Chemisorption is a form of adsorption where the adsorbed particle binds with the surface
through a strong interaction (e.g., a covalent bond). Adsorbates can chemisorb either
molecularly, with the adsorbate maintaining its internal structure and adding a bond with
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the surface. In dissociative chemisorption a molecule breaks apart and multiple atoms or
functional groups bind to the surface. Physisorption is a form of adsorption in which the
adsorbate’s electronic structure is only slightly affected, as the adsorbate adheres to the
surface through a weaker intermolecular force (e.g., a van der Waals interaction). Unlike
chemisorption, physisorption can only take place molecularly, not dissociatively.

Absorption

Adsorption

Desorption

Figure 1.1 Visual Differentiation between absorption, adsorption, and desorption.

Therefore, when a potential adsorbate approaches a given surface, there are four
potential outcomes: it can molecularly physisorb, molecularly chemisorb, dissociatively
chemisorb, or scatter off the surface into the gas phase. These options are depicted in
Figure 1.2. Note that molecular chemisorption and molecular physisorption both involve
the adsorbate attaching to the surface without breaking down. Furthermore, the
orientation of these adsorbed particles on the surface depends upon the method of
attachment, the chemical composition of the adsorbate, and the structure of the surface.
When a particle on a surface desorbs, it can do so either molecularly or recombinatively.
An example of recombinative desorption is two atomic hydrogen atoms recombining on
the surface to form molecular hydrogen, which then desorbs into the gas phase. Sticking
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coefficient is a term that describes the ratio between the number of particles that adsorb
or “stick” onto a surface and the total number of particles that collide with the surface,
having values between zero and one. Sticking coefficients can refer to processes
involving either chemisorption or physisorption and are used to show how favorable or
unfavorable a given adsorption process can be.
Within the field of surface science, it is also important to understand that a given
surface’s properties will vary according to its crystal structure and its atomic makeup.
The most basic structures a crystal will adopt include simple cubic (sc), face-centered
cubic (fcc), body-centered cubic (bcc), or hexagonal-close packed (hcp) structure as
displayed in Figure 1.3. Miller indices are then used in order to tell the orientation of the
crystal unit cell that is exposed to the surface. In the Miller index for a simple crystal
structure like those shown in Fig. 1.3, there are three numbers following the atomic
abbreviation and each of these three numbers represent an axis.21 For example, in V(100),
the X term is 1, the Y term is 0, and the Z term is also 0, resulting in a line segment from
the origin (0,0,0) to the point (1,0,0).21 The resulting plane is made such that it is parallel
to the X and Z axes (X = 0, Z = 0) and intersects at Y = 1, as displayed in Figure 1.4(a).

(a) Simple Cubic

(b) Body-centered cubic

(c) Face-centered cubic

Figure 1.3 Basic representation of common crystal unit cells.
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0, 0, 1

0, 0, 1

Z-axis

(b)

Z-axis

(a)

0, 1, 0
Y-axis

0, 0, 0

X-axis

0, 1, 0
Y-axis

1, 0, 0

V(100)

0, 0, 0

X-axis

1, 0, 0

V(110)

Figure 1.4 Miller Indices for (a) V(100) and (b) V(110) where the blue plane is the exposed
surface.

For surfaces such as V(110), although we see more than a single 1 present in the
Miller index the plane is still oriented using the same logic as in the above figure. The
plane intersects the points where X = 1 and Y = 1, and then runs parallel to the Z-axis (Z
= 0), shown in Figure 1.4b.21 The particular plane exposed affects the reactive properties
of a given surface as the orientation of the surface atoms determines the energy across the
surface.21 Specifically, surfaces that have atoms more closely packed together are lower
in energy (eV/atom) than those in which the atoms are farther apart.22

V(100)

V(110)

Figure 1.5 3D rendering of our experimental surfaces where the top face is the exposed surface.
Rendering created using Surface Explorer.23
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The Abbott-Lyon laboratory plans to use V(100) and V(110) surfaces to
understand methane and methanol partial oxidation. As displayed in Figure 1.5, while
pure vanadium adopts a body-centered cubic crystal structure, the two Miller indices of
this solid have different atomic arrangements on the surface. The V(100) surface is more
open with space between adjacent vanadium atoms while the V(110) surface exposes a
close-packed surface, despite its bcc crystal structure. As such, it is inferred that the
V(110) sample is the lower energy surface relative to V(100) as the individual atoms on
the V(110) surface are closer together than on V(100). The full charge densities of
V(100) and V(110) surfaces according to electronic structure theory calculations are
1.725 eV/atom and 1.312 eV/atom, respectively.22
Another important factor to take into account when looking for a suitable metal
catalyst is the Sabatier Principle. The Sabatier principle, developed by the French chemist
Paul Sabatier, is a qualitative

Rate	
  of	
  Reaction

concept used to show how favorable
transition metals are in a catalytic

Optimal	
  
Binding

process with a specific adsorbate.22
In a catalytic reaction, if the
interaction between the catalyst and

Adsorption	
  
Limited

Desorption	
  
Limited

Heat	
  of	
  Adsorption
Figure 1.6 Volcano plot for the dissociation of a given
species from a metal surface.

the substrate is too strong, the
substrate will bind strongly with the
catalyst that it never desorbs,
resulting in catalyst poisoning by
blocking reactive sites. Whereas if
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the interaction between the catalyst and the substrate is too weak, then the substrate will
be unable to bind with the catalyst long enough to undergo a reaction. This principle is
typically displayed graphically by comparing a property such as the rate of the reaction
with the heat of adsorption, such as the one shown in Figure 1.6.22 These plots form a
maximum at the optimal reaction enthalpy,22 and are commonly referred to as volcano
plots because of their shape.

Section 1.3: Vanadium: Background information, experimental and theoretical
While there are no previous experiments that focus on the dissociation of methane
on vanadium surfaces, there is a great deal of research focusing on other adsorbates
dissociating onto vanadium surfaces. Starting with H2, D2, and O2, previous researchers
have determined many reaction properties surrounding their interaction with vanadium
surfaces. Hydrogen and deuterium gases have been shown to absorb into the bulk of a
vanadium sample at temperatures as low as 90 K, as opposed to simply adsorbing.24-26 On
clean vanadium surfaces at 90 K, molecular deuterium (D2) and hydrogen (H2) were
found to have sticking coefficients of 0.32 and 0.36, respectively, while atomic deuterium
(D) and hydrogen (H) have sticking coefficients of 1.0 and 0.14, respectively.24-26,28
Atomic oxygen on the other hand is more complex than either atomic or molecular
deuterium or hydrogen. While Winkler et. al. were able to determine an experimental
sticking coefficient of 0.4 ± 0.05, this value was much harder to come by and is more
prone to experimental error.26,29 The reason for the large experimental error is that
vanadium naturally oxidizes very easily, to the point where oxygen and oxygen
containing compounds (such as water and carbon monoxide) both adsorb very easily but
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are also very difficult to clean off of the surface.27,29 An example of this contamination
process with CO takes place by:
Eq. 4

CO(g) + * 1 CO*

ΔH = -3.28 eV

Eq. 5

CO* + * " C* + O*

ΔH = -2.20 eV

where * indicates an open site on the surface of the vanadium sample. This helps us
visualize how the exposure to gas-phase carbon monoxide results in contamination of the
surface with carbon and oxygen residues.30 Additionally, oxygen and vanadium share
peak regions in many surface analysis methods (notably XPS), making it difficult to
assess if the vanadium surface is clean of oxygen. For this reason, the Winkler group
would clean their surfaces with only three sputter and annealing cycles instead of several
more cycles because it was shown that additional cleaning cycles produce no additional
benefits than cleaning with just three cycles. (This process is explained in the
experimental section.) The process would bring their surface down to a 5:1 vanadium to
oxygen ratio during experiments on so-called clean surfaces.29
There is also research of methanol dissociation on vanadium. These studies show
that methanol will adsorb onto clean V(100) and undergo partial dissociation into
methoxy intermediates at 100-110 K.31,32 The methoxy intermediates then follow several
different reaction pathways leading to products such as methane, ethylene, formaldehyde,
and carbon monoxide. It should be noted that of these products, methane was the primary
gas-phase product, desorbing at ~465 K.31-33 Molecular methanol desorbs at 195 K as
confirmed by the disappearance of the ν(OH) along the surface in high resolution electron
energy loss spectroscopy (HREELS) experiments at 200 K.33 On clean V(110) it was
shown that methanol will undergo dissociative adsorption and produce the methoxy
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intermediate at exposures less than 2 L at a temperature of 100 K, while at exposures
greater than 2 L, it will only partially dissociatively adsorb, resulting in a mixture of
methoxy intermediates and molecular methanol adsorbates.33 This was tested by
HREELS experiments of methanol dissociation on vanadium at dosages of 0.5, 1.0, and
2.0 L. After 0.5 L of exposure, only the vibrational frequencies of the methoxy
intermediates were observed (i.e., no ν(OH) mode was detected). At 1.0 L the ν(OH)
mode was almost absent, indicating that methanol is still adsorbing dissociatively. After
2.0 L of exposure, the ν(OH) mode at 3267 cm-1 was clearly observed, indicating that
methanol was present on the sample’s surface and showing that at 2.0 L of exposure
methanol will adsorb onto a vanadium surface both dissociatively and molecularly.33 The
fact that methane is the only gas-phase product from methanol activation on vanadium is
significant for our research. The concept of detailed balance suggests that the reverse
reaction, which is our reaction of interest, should also be possible under the right
conditions.
H
V

H

O

V
H

experiments exist on the

O

H
(1)

Although few

matter, research has also
(2)

been conducted on ablated
vanadium using matrix

H
O

V

VO	
  +	
  H2
H

Figure 1.7 Matrix Isolation reaction pathway for H2O
(background contaminant) on a vanadium surface.28

isolation protocols. During
the experiment, a vanadium
sample is laser ablated,
which creates a plume of

20

gas-phase vanadium atoms. These ablated vanadium particles are then introduced to H2O
molecules while in an excess argon gas environment.34 Methane gas was then fired into
the plume of gas-phase vanadium atoms such that the individual atoms would react with
the methane, although the vanadium atoms were also shown to spontaneously react with
background contaminants (namely H2O).34 As displayed in Figure 1.7, when exposed to
this background water, vanadium atoms react and ultimately follow two separate reaction
pathways.34 The reaction process for methane was monitored through infrared
experiments, including isotopic labeling experiments, and supported by density
functional theory calculations. The vanadium atom reacted with the methane to form
CH3-VH isotopomers and was also found to be the most reactive Group 5 metal in the
presence of methane gas. Additionally, vanadium was found to be very selective, forming
only one product (excluding those stemming from background contaminants).35 The
notable IR peaks from this process are: V-H stretching at 1534.4 cm-1, CVH bends at
543.8 cm-1, and C-V stretching at 510.1 cm-1. Overall, only CH3-VH molecules were
observed to form as a direct result of this process, while other molecules arose from the
presence of background contaminants. The data provided by this research gives us, to a
limited degree, some expectations on what we may observe in our work. Of those listed,
only those above 750 cm-1 will be observable through our laboratory’s spectrometer.
In addition to experimental methods, electronic structure theory has also been
used to study vanadium surface properties, specifically density functional theory (DFT).
As more particles are introduced into a given system, the Schrödinger equation becomes
impossible to solve exactly, requiring methods that rely on assumptions to make the
calculations possible. DFT studies concerning methanol, formaldehyde, hydrogen, and
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other hydrocarbons interacting with vanadium surfaces have been performed.36-47 In one
study involving methanol on vanadium, the group analyzed many reactive intermediates
at different binding sites and calculated the bond lengths between the intermediate and
the surface as well as the adsorption energies of each species (Ead).40 Within a V(100)
structure, there are three potential binding sites: 1) the top of an atom of the top-most
monolayer (top), 2) the hollow site between four molecules of the first monolayer
(hollow), and 3) in a bridging position between two atoms on the top-most monolayer
(top). These binding sites are illustrated in Figure 1.8.
Top

Bridge
Hollow

Figure 1.8 Illustration of the three major binding orientations on a BCC (100) surface, where
the left image is a side view and the right image is a top view.

While calculations were made for many intermediates at each available site, some
reactive intermediates and binding site orientations were calculated to be more favorable.
These potential binding sites can be observed in Table 1.1.40 On V(100) O-H bond
scission in methanol and the resulting formation of a methoxy intermediate is the most
favorable reaction pathway, both thermodynamically and kinetically when compared with
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Table 1.1 Theoretical binding data of methanol related species on a V(100) surface

C-H or C-O bond scission.40 This methoxy intermediate can form at temperatures as low
as 100 K, while the H atoms released by this O-H bond scission recombinatively desorb
as H2 gas.39,40 According to these calculations, the methoxy will break down at higher
surface temperatures of 316 K by the cleavage of the C-O bond, forming CH3. This DFT
data provides us with predictions about reactive intermediates that we may see in our
experiments and the temperature at which they may appear.

Section 1.4: Dissociative sticking of methane on other single crystals
Methane dissociation on other metals has been extensively studied both
experimentally and theoretically on iridium,41-43 nickel,44-52 palladium,53-57 platinum,58-61
rhodium,62-66 and ruthenium67-70 samples. Experiments involving methane dissociation on
metal surfaces largely make use of supersonic molecular beam experiments.45-47,53,68,71-79
However, several research groups are also experimentally exploring the topic using
thermal equilibrium59,80,81 and effusive molecular beam techniques.82-89 Each of these
experimental methods relates to the preparation of the gas-phase reactants. The
experiments referenced above were all conducted on metal single-crystal surfaces. Since
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the experiments presented in this thesis are also performed on a single-crystal surface,
specifically of V(100), these references provide important information about what might
be observed for methane on a single crystal surface of vanadium. In addition to single
crystal studies, researchers such as Iglesia and coworkers have examined methane
dissociation on metal-oxide supported metal nanoparticles.90-95
Methane dissociation has also been heavily researched with a number of
theoretical methods. The most common theoretical methods include trajectory
calculations,96-101 density functional theory (DFT),102-115 and microcanonical
unimolecular rate theory (MURT).116-118 Trajectory calculations provide data on the
interaction between methane and metal particles. DFT takes this a step further and
analyzes the interaction between methane and a metal surface with periodic boundary
conditions. Finally, MURT analysis is a semi-empirical method that can predict
dissociative sticking coefficients for a wide range of thermal equilibrium and nonequilibrium conditions based on a few (2-3) adjustable reaction parameters.
Several universal properties have become apparent from this vast body of work
for methane dissociation on metal single-crystals and nanoparticles. First, it was found
that the amount of observed coverage of methyl or CH3 (a product of CH4 adsorption)
increases with translational energy, temperature of the metal surface, and excitation of the
ν3 and ν4 vibrational modes. .46,47,58-60,71-73 Furthermore, in the reaction of methane
dissociation on metal surfaces, the rate-limiting step is shown to be the dehydrogenation
of methane to form CH3 across the surface.54,64,102,106 Lastly, this dissociation process has
been shown to progress on the metal surface without need of a co-reactant.41-48,50-70
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These observations are important to the research presented here.Our proposed
experimental setup allows us to independently vary the energy of the gas-phase methane
molecule, including the translational, vibrational and rotational degrees of freedom, and
the temperature of the metal surface, which determines the surface’s energy contribution
due to phonons (i.e., vibrational modes of the solid). This can help determine the role of
energy coming from the gas versus the surface, when analyzed by MURT. We can also
assume that the C-H bond scission of CH4 to CH3 will be the rate-determining step for
methane dissociation on vanadium, since it is true for so many other metal surfaces.
Finally,the reaction will most likely be a first-order reaction with respect to methane and
should be independent any co-reactant concentration.30,39,40
In addition to universal properties for methane on a given metal surface, some
surfaces also displayed unique results that should be considered. On palladium surfaces,
methane has been shown experimentally to have lower selectivity for methane
dissociation,53-57 producing a variety of adsorbates including C, CH, CH2, and CH3 with
adsorption energies being the weakest for CH4, and progressively stronger for CH3, CH2,
and CH respectively, and the strongest for C. The lack of selectivity in the reaction
pathway for palladium surfaces appears to be unique.53-57 CH4 is observed to physisorb
onto multiple surfaces,56 while methane will dissociately chemisorb on a given metal
surface at higher temperatures, While the sticking coefficient for methane increases with
translational energy on most transition metal surfaces, on Ir(111) the sticking coefficient
initially decreases as translational energy increases up to 10 kJ/mol. Then, the sticking
coefficient sharply increases as the translational energy continues to increase.41 A
trapping-mediated mechanism has been suggested to explain these results. While the
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observations on palladium and iridium surfaces are not expected to occur on vanadium,
they do indicate that methane dissociation on vanadium may not follow the observed
trends found on other metal surfaces.

Section 1.5: Methanol as a Model for Methane
As discussed earlier and illustrated by Equation 1.3, the ultimate intent of this
research is the direct dissociation of methane into feedstock chemicals. During this
process, methane is expected to form a methoxy intermediate before further reaction to
form partially oxidized species such as methanol and formaldehyde. The energetics of
methane partial oxidation to form methanol are shown in Equation 1.4.
Eq. 1.4

!

CH4 (g) + !O2 (g) à CH3OH (g)

ΔrHo = −242 kJ/mol

The dissociation and partial oxidation of methanol has been studied extensively on many
metal surfaces, and the reactive transition state is believed to be a methoxy (CH3O)
intermediate bound to the vanadia sample.119-132 We hypothesize that a similar reactive
transition state exists during the partial oxidation of methane to form methanol. Thus, the
dissociation of methanol on a vanadium surface may represent the reverse reaction of our
intended process. We intend to run preliminary experiments using methanol as a model
system for methane dissociation with the intent to move back to methane once sufficient
data has been collected for methanol dissociation on a vanadium surface. The data
collected from studying the reverse process of the intended reaction will then provide
expectations for potential reactive intermediates.
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CHAPTER 2: EXPERIMENTAL

Section 2.1: UHV System Overview
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Our experiments are carried out in an ultrahigh vacuum (UHV) chamber equipped
with a Fourier transform infrared spectrometer (FTIR, Thermofisher iS50) and a mercury
cadmium telluride detector (MCT, Thermofisher MCT−B) for reflection absorption
infrared spectroscopy (RAIRS). Note that the FTIR and MCT detector are not physically
attached to the analysis chamber, but instead use a pair of ZnSe windows that are

Figure 2.1 Top−down view of the central UHV chamber.
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attached to the chamber. A quadrupole mass spectrometer (QMS, Hiden Analytical HAL

28

201) is attached to the analysis chamber for temperature programmed desorption (TPD)
experiments. An electron gun (e−gun, Kimball Physics ELG−2), a custom built heated
doser modeled after designs used by the Harrison group at the University of Virginia,133140

a hot−filament ionization gauge (Dunaway Stockroom UHV Type−1 ), a variable leak

valve, and a Knudsen cell (McAllister EVAP−B) are also attached for processes to be
described in detail further on in this section. A schematic of attachments to the central
chamber can be seen in Figure 2.1. The whole chamber is kept at UHV using a
turbomolecular pump (Leybold
Vacuum Turbovac 350−iX) backed
LN2	
  Dewar

by an oil-free mechanical scroll
pump (Leybold Vacuum Scrollvac

1.33”	
  
Flange

SC 30 D) allowing for chamber
pressures on the order of 4.0 x 10-10
torr.

Copper	
  Power	
  
Feedthroughs

The vanadium samples
(Goodfellow, 12 mm nominal

Barrel	
  
Connectors
Tantalum	
  
Wires

diameter) are mounted with a sample
manipulator that allows for cooling
the sample with liquid nitrogen
down to 100 K and heating up to at

Vanadium	
  
Sample
Figure 2.2 Diagram of the vanadium sample
manipulator

~1000 K. The temperature of the
sample is monitored and controlled
(but not supplied) through a K−type
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thermocouple connected to an Omega temperature controller, while the heated doser uses
a separate temperature controller and power supply. Tantalum wires are used because
tantalum is more malleable, easier to spotweld and less suspetible to oxidation than other
commonly used filament materials, such as tungsten. Tantalum is less thermally
conductive than tungsten, but that has not been a problem in our current set-up. Tantalum
wires are suspended from a 30 A power feedthrough (Kurt J Lesker, CF flanged, 5000V).
The wires are wrapped around the copper of the feedthrough and secured with barrel
connectors. This is done as copper cannot be spot-welded. The flange of the feedthrough
itself is also the base for the liquid nitrogen dewar, which is directly above the analysis
chamber. The tantalum wires that extend from the barrel connectors are then spotwelded
to the sample, allowing for the sample to be resistively heated. The sample manipulator
can be seen in Figure 2.2. The sample manipulator is mounted onto a 4.5” differentially
pumped rotational stage (McAllister Technologies, DPRF450), allowing it to be rotated
360 degrees without breaking vacuum. While the sample is cleaned internally as
described below, surface cleanliness is periodically monitored externally using a
scanning electron microscope with energy dispersive x−ray spectroscopy (SEM/EDX,
GenTech Scientific, JEOL JSM−5800) available at Kennesaw State University in the
Department of Chemistry and Biochemistry and also by an X−ray photoelectron
spectroscope (XPS, Thermofisher Scientific, K−Alpha) provided through the Georgia
Tech Institute for Electronics and Nanotechnology.

Section 2.2: Sample Preparation
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In order to prepare the sample for experimentation, the sample is cleaned of
surface contaminants through cycles of argon ion sputtering and annealing. Clean V(100)
and V(110) surfaces are prepared by three cycles of argon ion bombardment (ambient
pressure ~1 x 10-6 torr) for 20 minutes while biasing the sample to 1000 V and then
annealing to 1000 K for 5 minutes. This removes the primary contaminants of oxygen
and carbon. As noted by the Zaera and Winkler groups, vanadium reacts with background
gases (e.g., H2O and CO), creating oxygen and carbon residues on the surface.140-146
These research groups found that sputtering for three cycles achieves the same relative
surface cleanliness as hundreds of Ar+ sputtering and annealing cycles. According to their
experiments, a “clean” vanadium surface contains up to 0.2 ML of (primarily oxygen)
contaminants.140 Therefore, for efficiency, we employ three sputter-annealing cycles in
our experiments.
The experiments detailed below were conducted in UHV conditions at a base
pressure of 4.0 x 10-10 torr. UHV conditions are used in these experiments because the
molecules in an ambient atmosphere such as H2O and O2 will react with a vanadium
surface within seconds of exposure, contaminating the sample. In contrast, by placing the
vanadium sample in UHV conditions and, therefore, limiting its exposure to
contaminating species, the contamination process is slowed from a few seconds to several
hours, allowing sufficient time for experiments before the sample must be cleaned again.

Section 2.3: Analysis of Chamber Construction and Further Details
Before going into detail on the instruments used in this research, it is important to
understand the details of the construction of the analysis chamber. The chamber, named
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CARLOS (Chamber of Analysis with RAIRS of Ligands On Surfaces) was designed by
previous students in the Abbott-Lyon Lab (ALL), Aaron Pital and TJ Beckman. It has
been constructed to provide additional functionality to the ALL, incorporating several
advantages over the previous analysis chamber. The spherical octagonal chamber features
eight 2.75” flange ports and two 6” flange ports, allowing for more attachments with lineof-sight to the sample. Additionally, the new sample holder design (see Figure 2.2)
allows the sample to be cooled to lower temperatures compared with the previous UHV
chamber’s sample design. The original design for CARLOS can be viewed in Figure 2.3.
While this design presented a sufficient rough draft of the chamber layout, changes were
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needed to make CARLOS fully functional.

A: Heated doser
B: Knudsen Cell
C: Outgoing RAIRS signal
D: Electron gun
E: QMS and gate valve
F: Leak valve
G: Incoming RAIRS signal
H: Pressure gauges

Figure 2.3 Top-Down view of the original layout for the experimental chamber.

The first problem was finding a method to reduce ambient vibrations from the
building as they negatively impact the baseline of RAIRS spectra. The ALL is located on
the fourth floor of the Kennesaw State University Science Building. Ideally, the best way
to minimize building vibrations would be to move the lab from the fourth floor into the
basement. As this was not an option, three alternative methods were discussed. The first
would have been to fully anchor Carlos into the building by cementing the experimental
table into the floor, which would have both synched the vibrations of the chamber with
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the vibrations of the building and increase the stability of the setup. This method was
declined, as this would have required the ALL to wait for Facilities Management to drill
several holes into the floor. The second method involved resting the experimental table
into a bed of sand, allowing the chamber itself to be largely unaffected by building
vibrations. This method was also declined as the FTIR itself sits on a lab bench. Although
CARLOS may have been unaffected by vibrations, the FTIR still would be. Furthermore,
this would create a vibrational difference between the FTIR and CARLOS. The final
proposed method involves resting the FTIR on an aluminum plate, which is then bolted to
the experimental table. While this method does nothing to directly dampen building
vibrations, it should at least put the vibrations of FTIR and CARLOS in sync with one
another, producing a pseudo-dampening effect. This was ultimately the method chosen.

Section 2.4: Reflection Absorption Infrared Spectroscopy
Reflection Absorption Infrared Spectroscopy (RAIRS) is a surface sensitive
technique used to identify bound species and long-lived reactive intermediates on a
surface. RAIRS works by measuring the change in the dipole moment of vibration of
specific functional groups. Depending on the sensitivity of the instrument, these

P - Component

C
SComponent
Figure 2.4 Illustration of incoming RAIRS signal onto a vanadium sample at an
o
incidence angle of 80 from the surface normal.
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measurements can provide information on the binding geometry of the adsorbed species.
The infrared spectroscopy selection rules state that in order for a given vibration to be
considered infrared active, the energy difference between two vibrational states must be
matched by the energy of the infrared light and that the transition from one vibrational
state to another induces an alteration in the dipole moment of the vibration. Light itself
can be described as an electromagnetic wave. By definition, this means that the light has
electric field vectors. The incident beam of light used to strike the surface is polarized
such that the electric field vectors can be separated into two parts: s−polarized and
p−polarized.157-159 As displayed in Figure 2.4, the s−component is parallel to the surface
and orthogonal to the plane of incidence, while the p−component is actually in the plane
of incidence. When the beam strikes the surface, the electric field can be modeled as:157
𝐸 = 𝐸 ! 𝑠𝑖𝑛𝜃 + 𝑟𝑠𝑖𝑛 𝜃 + 𝛿

(2.1)

where E is the electric field, 𝑖 indicates incident, θ is the phase angle, r is the reflection
coefficient, and δ is the phase of the reflected wave. As observed in Figure 2.4, regardless
of the angle of incidence, the s−component will remain parallel to the surface and retains
a phase change of approximately 180o.157-159 Because δ is ~180o, it creates destructive
interference with the reflected wave and signal is reflected from the surface.163 The
p−component, as displayed in Figure 2.4, remains parallel to the surface normal and the
two components (parallel and perpendicular) of this electric field are:
𝐸!! = 𝐸!! 𝑐𝑜𝑠ϕ 𝑠𝑖𝑛ϕ − 𝑟! 𝑠𝑖𝑛 𝜃 + 𝛿!

(2.2)

𝐸!! = 𝐸!! 𝑠𝑖𝑛ϕ 𝑠𝑖𝑛𝜃 + 𝑟! 𝑠𝑖𝑛 𝜃 + 𝛿!

(2.3)

where Ep denotes the electric field of the p−component, = and ⊥ represents the parallel
and perpendicular components of the p−polarized light, respectively, and ϕ is the
35

incidence angle.157 The parallel components are shown to yield a small electric field as
these two components are in the opposite direction to surface normal. Furthermore, by
looking at Equation 2.2 we see that the parallel component’s cosϕ and sinϕ, the value of
the parallel component will increase as the incidence angle decreases. Whereas Equation
2.3’s sinϕ and sinΘ will cause constructive interference where the parallel component
decreases and the perpendicular component increases as the incidence angle increases. As
such, we are left with only the perpendicular component of the p−polarized light
contributing to the surface electric field.157-159,163
With the source of the signal being established, the intensity of the signal can then
be modeled by:
Intensity   =   
!!!

where

!!!

𝐸!!
𝐸!!

!

𝑠𝑒𝑐𝜙

(2.4)

is the amplitude of the electric field.157 Confirming what was mentioned

above, this equation displays the presence of the perpendicular component of the
p−polarized light as well as shows that the signal strength will increase with the incidence
angle φ.
An alternative method for explaining RAIRS can be found in image dipole theory.
When a vibrational dipole moment interacts with a conductive surface, electrons close to
the surface will relocate such that they
Dipole

are closer to the positive region of the
dipole. The area that the relocated

Image
Dipole

Metal	
  Surface

A

electrons originates from then
Metal	
  Surface

B

Figure 2.5 Model with vibrational dipole moments
and image dipoles where (A) is the parallel dipole
and (B) is the perpendicular dipole.
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becomes positively charged or a so-called “hole”.157 The overall image dipole, as
illustrated in Figure 2.5 shows that when the vector of a vibrational dipole moment of a
molecule is parallel to the plane of the surface, the image dipole will be parallel to the
surface as well with the same magnitude but opposite direction. When the vector of a
vibrational dipole moment of a molecule is perpendicular to the plane of the surface, the
image dipole will be perpendicular to the plane of the surface as well.157 If we attempt to
add the vectors in the parallel model the vectors will cancel and, thus, produce no signal,
while adding the vectors of the perpendicular model will produce a signal twice the input
value. This use of dipole theory further supports the concept that only the perpendicular
component of p-polarized light contributes to the observed signal, as shown through
Equation 2.4.
It should be noted that RAIRS does not provide information about which species
are more reactive; it simply provides a spectrum compiled of the signals detected with
more common functional groups having a more pronounce peak, even if the species that
caused this larger peak are less reactive than other intermediates present on the surface of
the sample. For our experiments, we expect to see CO and CH3 adsorbed to the surface
but realize that other functional groups may be observable. 160

Section 2.5: Oxygen titration
Oxygen titration is a technique that allows for the determination of the amount of
methane that dissociated on the sample’s surface. When dosing methane, the probability
that methane will react is proportional to the amount of carbon found on the surface from
the dosing process divided by the total amount of carbon dosed onto the surface,
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assuming that each dissociating methane leaves behind one carbon atom.161 The amount
of carbon atoms on the surface can be determined by titrating with excess oxygen.161 The
process of dosing oxygen onto the surface will oxidize the surface carbon atoms to create
CO and CO2, which is detected through the QMS as it desorbs from the surface during
heating.

Section 2.6: Temperature Programmed Desorption
Temperature programmed desorption (TPD) is a commonly used technique in
surface science and allows for the acquisition of: the Arrhenius pre−exponential factor (A
or νn), the energy of desorption (Edes), the desorption order (n), and the identity of a
desorbed species.164 This information, coupled with data from RAIRS, can provide a
good picture of potential reaction pathways taking place in the system. The rate
(assuming first order) at which a given species desorbs from a surface follows
Arrhenius−type behavior, thus yielding the Polanyi−Wigner equation:
𝑟

!"#  !  

!!
!!"
  !  !! ! ! !"#  ( !"# )
!"
!"

(2.5)

where 𝑟!"# is the desorption rate, θ is the concentration of adsorbate molecules on the
sample’s surface, υn is the desorption pre−exponential factor, n is the desorption order,
Edes is the desorption energy, k is Boltzmann’s constant, T is the temperature of the
substrate in Kelvin and t is time in seconds.162-164 In TPD experiments, the temperature is
raised linearly as a function of time from an initial temperature as described by the
expression:
𝑇 = 𝑇! + 𝛽𝑡   and 𝑑𝑇 = 𝛽𝑑𝑡

(2.6)
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where T is the temperature of the substrate, T0 is the temperature at t = 0, and 𝛽 is the
heating rate (K / s). 162-164 The Polanyi−Wigner formula can then be modeled as a
function of the heating rate by substituting

!"
!

for 𝑑𝑡 in (2.5) to obtain:

−𝐸!"#
!
−𝑑𝜃 𝑣! 𝜃 exp  ( 𝑘𝑇 )
=
  
𝑑𝑇
𝛽

(2.7)

To study the relationship between temperature and the other variables, it is useful to
remember that the maximum value for 𝑟!"# is found when the gradient of the TPD curve
is equal to zero. 162-164 In that regard, the derivative of Equation (2.7) with respect to
temperature can be set to zero with the stipulation that 𝛽 is temperature dependent. The
derivative of Equation (2.7) is show below as Equation 2.7.1:
−𝑑𝜃 𝑣!
−𝐸!"#
=   exp  (
)   
𝑑𝑇
𝛽
𝑘𝑇

(2.7.1)

Using this derivative relationship the Polanyi−Wigner equation can be used to relate T, β,
and Edes, thus a new equation is derived:
𝐸!"#
𝑣!
−𝐸!"#
=      exp  (
)
  
𝑘𝑇
𝛽
𝑘𝑇

(2.8)

Equation (2.8) shows that the temperature corresponding to the maximum value of the
TPD curve is proportional to 𝐸!"# and 𝛽, and inversely proportional to 𝑣! . In other
words, when 𝐸!"# is shifted to a higher energy, the TPD peak will be shifted to a higher
temperature.163
By incorporating the natural log into Equation (2.8), 𝐸!"# is able to be determined
as shown in Equation (2.9):
ln 𝑟!"# = −

𝐸!"# 1
+    ln 𝑣! 𝜃 !
𝑘 𝑇

(2.10)
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An Arrhenius plot can then be made to determine the activation energy, where the x−axis
!

is  !, the y−axis is ln  (𝑟!"# ), the y−intercept (b) is ln 𝑣! 𝜃 ! , and the slope (m) is −

!!"# 164
.
!

TPD is a process made possible through a quadrupole mass spectrometer (QMS).
The QMS itself consists of four parallel rods with a detector plate at the base of the rods.
Two of the rods carry a positive charge, and two carrying a negative charge, which
creates an electromagnetic field between the four rods. The strength of the
electromagnetic field varies according to the voltage of the rods. Ions that desorb from
the surface of the sample will travel through the quadrupole in and around the rods, with
only ions of a specific mass to charge ratio being able to actually reach the detector. Ions
that fall outside of the range of ions to be detected will have their trajectory destabilized
by the electromagnetic field, causing them to collide with one of the rods and therefore
not be detected. In short, this allows the user to selectively determine which masses to
look for in a given TPD experiment as well as show what temperatures these ions desorb
at (n.b., temperature is monitored separately, not through the QMS).
In the research presented here there are several specific mass-to-charge ratios
(m/z), which we intend to look for, given the experimental data from the research of
previous groups. These masses are: CH4 (15 and 16),154,155,165,166 ethylene (26 and
27),154,155,165 CO (28),166 and CH3OH (29 and 31, the major peaks due to cracking in the
ionizer).166 CH4 is being followed to track potential dissociative desorption from the
V(100) surface as it is a stable fragment of the parent species, methanol. Ethylene is
being followed as it was shown to desorb from a vanadium surface during the reverse
reaction of methanol to methane.145 CO is being followed, as it is both a common surface
contaminant, but also will be used (along with CO2) to assess how much methane reacted.
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Finally, CH3OH is followed in order to assess the amount of methanol that does not
undergo dissociation and instead molecularly desorbs from the surface.

Section 2.7: Scanning Electron Microscopy and Energy Dispersive X−ray Spectroscopy
For scanning electron microscopy and energy dispersive x−ray spectroscopy
(SEM/EDX), the SEM instrument (GenTech Scientific JEOL JSM−5800) was accessed
through Kennesaw State University. To differentiate between the two processes, SEM
provides us with a high depth-of-field and high-resolution image of the sample’s surface
while EDX is an analytical technique that provides elemental analysis of the species on a
given surface. The SEM functions by detecting secondary electrons, allowing for the
creation of surface imaging.171 Secondary electrons are low energy electrons that
originate several micrometers below the surface and are manifested by irradiating the
sample with electrons at a predetermined accelerating voltage. This causes the emission
of valence electrons near the surface. The secondary valence electrons are then guided to
an Everhart-Thornley detector.171 The information collected from the detector is
displayed as an image where regions of high secondary electron density appear brighter
while regions that are deficient in secondary electrons appear darker. Thus, a small ridge
in the sample may appear to be much brighter, while a deep hole would appear much
darker than flat planes on the sample. The low energy of the secondary electrons (<50
eV) only allows for detection of those created close to the surface as electrons created
deeper within the solid will not escape. These emitted secondary electrons, which exist
only a few nanometers away from the surface, must be collected by attracting them with
an electrically biased grid.
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While SEM relies on low energy electrons, EDX measures higher energy
signatures. When the incident beam of electrons strikes a surface, the generation of
secondary electrons is not the only result.171,172 This process also excites and ejects an
inner shell electron (i.e., a core electron) from a surface atom. This destabilization of the
electron’s orbital is corrected when an electron in a higher shell moves down to replace
the lost electron, which causes a release of energy in the form of an X−ray. The amount
of energy released is equal to the difference in energy between the higher energy shell
and the lower energy shell. Thus, the amount of energy between two electron shells will
be specific to a certain type of atom, allowing for elemental characterization of the atoms
on a surface.
In the research presented here, SEM/EDX is used to acquire a baseline of the
contaminants present on the V(100) and V(110) samples’ surfaces, with the two most
abundant contaminants being carbon and oxygen. The information obtained from
SEM/EDX data is then supplemented with X-ray Photoelectron Spectroscopy.

Section 2.8: X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive analytical
technique allowing for the characterization of a sample’s surface to a depth of
approximately 5 nm. For the instrument used in these experiments, the sample is
irradiated with excited electrons with an energy value of 1486 eV (i.e., the energy of an
aluminum K alpha particle). This X-ray beam strikes the sample’s surface and transfers
its energy to a core electron, ejecting it from its orbital. The electron orbitals all have
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specific binding energies, which differ depending on what atom the orbital is located in.
These ejected orbitals then have a kinetic energy defined by:
Ek = hν – Φ

(2.16)

where h is Planck’s constant, ν is the frequency of the X-ray, Φ is the binding energy, and
Ek is the kinetic energy of the released electron. The kinetic energy of the electron is
detected. The software used by the XPS (usually CASA XPS) calculates a binding energy
and displays the appropriate standard spectra with literature values of binding energies
being accessible. Comparision of the experimental peak regions with known peak regions
allows an elemental assignment to be made.
The flood gun is a supporting piece of the instrument that fires low energy
electrons at the sample’s surface. The process of removing the electrons with the X-ray
gun will slowly build a positive charge across the surface, which can affect the binding
energies of the surface species. By introducing the low energy electrons that fill the
vacancies left by the ejected electrons, the surface maintains a neutral charge throughout
data acquisition.
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CHAPTER 3: RESULTS AND DISCUSSION

Section 3.1: Analysis of SEM/EDX Surface Data
Prior to the acquisition of RAIRS and TPD data, precursory SEM/EDX and XPS
analysis was conducted on the V(100) sample to asses the quality of the surface,
specifically in determining the quality of the polished surface as well as the extent of
surface contamination before placing the sample in ultrahigh vacuum. In Figure 3.1 the
polished V(100) sample is represented through SEM imaging and shows a fairly smooth

Figure 3.1 SEM image of the V(100) surface at 1000x magnification with
an accelerating voltage of 20 kV

surface. Small striations are observed going across the whole of the surface, which are
minor flaws leftover from the polishing process, as well as small, infrequent divots in the
surface. It should be noted that of the surface flaws present in the image, none of the
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divots appear larger than 5 µm in size. Overall, the quality of the sample’s surface is

Figure 3.2 SEM scans showing coverage of vanadium, carbon, and oxygen respectively
across the V(100) surface. Note that these scans are of the same area of the sample’s surface
as shown in Figure 3.1.

shown to be physically good. SEM surface imaging shows similar information while also
providing a rough idea of the surface contaminations present. The two major
contaminants expected to be present on the sample are carbon and oxygen, both of which
are readily found in atmosphere in the form of H2O, CO, and CO2.23-26,28,29 These
molecules then dissociate upon contact with vanadium, creating the carbon and oxygen
surface contaminants. 29-32,34,35 While the sample was loaded into the SEM/EDX, the
surface was also examined for other potential contaminants. The atomic imaging results
for vanadium, carbon, and oxygen are displayed in Figure 3.2 and confirmed our
expectations that oxygen and carbon contaminant are present on the sample’s surface.
The vanadium scan shows an even spread of atoms with no defined concentrations or
holes, which corroborates the SEM image from Figure 3.1 showing a smooth vanadium
surface. The carbon and oxygen scans confirm their respective presences, as well as show
a fairly even spread of surface contaminants. The lack of contaminant clustering is further
indicative of a clear vanadium surface, as clusters would indicate their binding to an
alternate, more favorable species. All this being said, the atomic imaging also shows that
oxygen appears to bind with and contaminate the vanadium surface much more readily
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potential surface contaminants were ruled out; the signal from these potential
contaminants was confirmed to be noise through EDX. In particular, nitrogen had a
highpresence in the atomic image scan, as displayed in Figure 3.3. However, the
information from this scan was disproved through EDX analysis.
For the V(100) two EDX experiments were performed, the first of which is
displayed in Figure 3.4. As expected, the vanadium peak dominates the chart, while the
less intense peaks for the surface contaminants are clustered in the 0-0.5 keV range. In
order to better clarify the data of this region, this area was magnified and is displayed in
Figure 3.5. Here it is observed that the area marked as being the nitrogen peak is actually
a portion of the shoulder of the vanadium peak. As such, the idea that nitrogen is a
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surface contaminant on V(100) was discarded. In agreement with the SEM atomic
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Figure 3.4 EDX analysis of the V(100) surface with peak labels for vanadium, carbon,
nitrogen, and oxygen.

images, we see that the peaks for oxygen and carbon show a much higher amount of
oxygen present on the sample’s surface than carbon. Further EDX analysis was
conducted to confirm the findings of the first scan except at different locations on the
sample’s surface and is displayed in Figure 3.6. While this additional analysis has more
noise than the initial scan, it should be noted that the sample had been exposed to the
atmosphere for a longer period of time at this point, as shown by the increased intensity
of the contaminant peaks. That being said, it can still be clearly observed that oxygen is
the primary surface contaminant for the vanadium surface while carbon is also present
but to a lesser extent. Once again no peak for nitrogen was seen, further supporting the
conclusion that nitrogen is not a major surface contaminant.
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x 0.001 cps/eV

500

400

300
V
C O

V

200

100

0
1

2

3

4

5
keV

6

7

8

9

10

Figure 3.6 Second EDX analysis spectrum confirming the findings of the previous.

Section 3.2: XPS Surface Analysis
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After SEM/EDX analysis, the sample was taken to the XPS at Georgia Tech to
confirm our SEM/EDX findings. The XPS survey scan for the V(100) sample is
displayed in Figure 3.7 and shows similar results to our SEM/EDX data. Just as
previously seen, the oxygen and vanadium peaks occupy a region of the spectrum that is
near overlapping. In literature, vanadium metal has an XPS peak assignment (V/2p) of
512.3 eV and increases in binding energy as the surface becomes more oxidized, up to
517.1 eV for a V2O3 surface. The experimentally recorded V/2p peak is 514.08 eV,
indicating a partially oxidized surface. This is then confirmed by the presence of the O/1s
peak at 531.08 eV. Furthermore, the presence of nitrogen was also looked for to verify
the negative results from EDX analysis. The XPS spectrum where the N/1s peak is
expected to be is displayed in Figure 3.8. Due to the static-like resemblance of the
spectra, combined with the low count/s reading, it can be then be shown that the EDX
analysis was correct, that no nitrogen is present on the V(100) surface. Prior to the

O 1s
V 2p

C 1s

Ar 2p

Auger peaks

Figure 3.7 XPS spectrum of the V(100) surface with peak assignments. Note that Auger peaks
were not assigned.
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RAIRS and TPD analysis, the sample had small quantities of carbon and large quantities
of oxygen. While the surface was cleaned under UHV conditions through sputtering and
annealing cycles, oxygen remains present on the surface at similar levels to a hypothetical
dosing of 0.2 L.26 The EDX data showed an oxygen coverage of 11.60 % of the atoms
present on the surface (out of the three atoms analyzed) or the equivalent of 0.1160
monolayers of surface oxygen.26

Figure 3.8 XPS spectrum of the nitrogen 1s region.

Section 3.3: RAIRS Dosing Series of Methanol on V(100)
Our initial studies began with dosing methanol onto the V(100) sample. During
this process, the sample was kept at 100 K while the methanol was dosed at 295 K. These
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1.0 L
0.8 L
0.6 L
0.4 L
0.2 L
0.1 L
0.0 L

Figure 3.9 Low coverage dosing series of methanol on V(100) from 0.0 L to 1.0 L at a
surface temperature of 100 K.

experiments involved dosing incrementally larger amounts of methanol onto the surface,
followed by a RAIRS scan. The initial dosing series is displayed in Figure 3.9. Note that
the noise in the spectrum from 1750 to 2750 cm-1 can be primarily attributed to the
system not having an optimal purge. The O-H stretch at 3286.16 cm-1 begins to take
shape at 0.4 L although remains fairly weak up until approximately 1.0 L and from that
point the peak significantly increases in intensity.169-176 The C-O stretch at 1041.87 cm-1
becomes visible at 0.2 L and sharply increases in intensity proportional to the dosage.173176

The multilayer faintly becomes visible at 2.0 L as indicated by the CH3 asymmetric

stretch at 2955.91 cm-1, the CH3 symmetric stretch at 2836.34 cm-1, and the CH3 bending
at 1443.00 cm-1, 1452.16 cm-1, and 1462.77 cm-1.173-176 Figure 3.10 also shows a RAIRS
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10.0L

8.0L

6.0L
4.0L
2.0L
1.0L
0.0L

Figure 3.9 High dosing series of methanol on V(100) from 0.0 L to 10.0 L at a
surface temperature of 100 K.

dosing series except for the max dosage being 10.0 L. Note the interference at 1500 1750 cm-1 and 3750 - 4000 cm-1 are not adsorbed species but are from atmospheric H2O
in the region of the purge boxes.177 The peaks observed in Figure 3.9 are also visible in
3.10. Additionally, a CH3 rock at 1128.65 cm-1 becomes visible at 8.0 L, although it
remains very weak in intensity. These peak assignments can be viewed in Table 3.1.
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Table 3.1 Peak assignments and intensity for all observed signals in the RAIRS spectrum for
methanol dosing on V(100) where S = strong, W = weak, and V W = very weak

Section 3.4: RAIRS Flashing Series of Methanol on V(100) Analysis
Following the initial dosing series, the V(100) sample was subject to several
methanol flashing series, where a methanol covered surface would be heated to
incrementally higher temperatures, followed by a RAIRS scan. Initial flashing series
experiments began with a dosing series up to 20.0 L before the heating could begin, the
first of which is displayed in Figure 3.11. Starting with the dosing series, this is nearly
identical to the previously acquired dosing series with the exception of a faint peak at
873.17 cm-1, which has been characterized as a V-O-V symmetric stretch.178 This would
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imply that the vanadium surface is being oxidized by the methanol into vanadia, further
reinforce by the fact that this feature isn’t observed until approximately 10.0 L, meaning
that the presence and intensity of the peak is directly proportional to the amount of
methanol on the sample’s surface. During the flashing series, both the multilayer and
monolayer appear to begin desorption around 175 K and are fully desorbed from the
surface by 200 K with the exception of the V-O-V peak. This agrees with existing
literature citing from TPD experiments that methanol desorbs from a vanadium surface in
the range of 180 – 195 K.23-27 Furthermore, the V-O-V peak appears to increase in
intensity between 175 and 200 K despite no methanol being dosed, which would indicate
that some of the oxygen is dissociating onto the surface instead of simply desorbing.

500K
400K
300K
250K
200K
175K
150K
125K
20.0L
0.0L

Figure 3.11 20.0 L dosing series immediately followed by a flashing series where the base
temperature is 100 K.

While this oxidized layer of vanadium does appear to be unaffected by heat, it can be
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cleaned from the surface through several sputtering cycles down to an approximate
oxygen coverage equivalent to 0.2 L.23-26 All other features in repeated trials appear
identical to those in Figure 3.11 with both the multilayer and monolayer and multilayer
beginning to desorb around 175 K and being fully desorbed from the surface by 200 K.
As such, a final flashing series with smaller temperature intervals of only 10 K were used
to try and pin-point the desorption temperature and are shown in Figure 3.12. The RAIRS
data show a slight decrease in intensity of the O-H and C-O peaks after heating to 160 K,
significant desorption from 170 K, and total desorption by 180 K. Combining this

250K
225K

%	
  Transmittance

200K
190K
180K
170K
160K
150K
10.0L
0.0L

Figure 3.12 10.0 L dosing series immediately followed by a flashing series where the
base temperature is 100 K. Done in 10 K intervals up to 200 K

information with the previous trials where methanol was observed to still be present on
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the surface at 175 K, the RAIRS spectra suggest that methanol desorbs from the V(100)
sample between 175 and 180 K.

Section 3.5: TPD analysis of methanol on V(100)
The TPD spectra from dosing 5.0 L of methanol onto a V(100) surface is
displayed in Figure 3.13, where the masses 15, 26, 28, 29, and 31 are followed.
The desorption of CH4 (mass 15) is observed primarily at 185 K with a secondary
evolution at 220 K. Ethylene (mass 26) was recorded to desorb at 500 K by another group

Figure 3.13 TPD of methanol desorption from a V(100) surface.

but was not observed in our experiments, possibly due to lower signal intensity in these
experiments compared to experiments performed by others.23-26 Even in the experiments
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performed by others, the signal intensity was very low. A zoomed-in portion of our m/z =
26 spectra in the region of 450 to 550 K is depicted in Figure 3.14.

Figure 3.14 Enhanced spectra showing the 450 – 550 K region of the m/z = 26 data.

The desorption of CO (mass 28) was observed at 180 K, though its peak is much less
intense than other desorbed species in the region. Furthermore, it should be noted that no
peak intensities were observed after 300 K. Furthermore, the CO desorption was shown
in other works to be caused by background CO adsorption as opposed to methanol
dissociation, which seems to be corroborated by this data as the peak intensity for mass
28 seems to have no direct relationship to the amount of methanol dosed in literature.23-26
This being said, it is a possibility that the observed CO desorption is a result of methanol
dissociation as the only observed peak intensity falls within the same temperature range
as the desorbed methanol. Further experimentation is needed to confirm or deny this.
Both masses 29 and 31 (methanol) desorb from the surface at approximately 185 K with
a less intense desorption being recorded at 210 K. The formation of other products such
as formaldehyde (m/z = 29), carbon dioxide (m/z = 44), propylene (m/z = 42), etc., was
determined to be unlikely after repeated profile scans of the amu range 1-100.
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It is believed that all recorded desorptions took place in the 185-190 K
temperature range (n.b., the filament of the QMS was set to 70.0 eV during all
experiments). The high voltage of the ionization filament likely is too harsh for methanol,
causing significant fragmentation. If true, this would mean that all observed peaks are
likely just methanol desorbing and being broken into its most commonly observed
fragments. This idea is supported by the fact that all desorption peaks only match with the
literature desorption peaks for methanol, but not their other respective species (e.g., m/z =
15 could be from either CH3OH or CH4), explaining why all observed peaks fell within
the same temperature range.
There are a few possibilities as to why the RAIRS and TPD data report two
different desorption temperatures. First, there was a noticeable problem with our QMS
instrument as data points were only being collected at a rate of two to four points per
minute, which is unreliably low for a scanning instrument and could, therefore, only
provide approximations of when a species desorbed from the surface instead of a
definitive temperature. Second, recalling that TPD experiments are done as a function of
time, it should be noted that our software for electronically recording the temperature
data and imputing it into the TPD file (Labview) was inoperable during this time. As
such, both the ramp rate and temperature were controlled and recorded manually. While a
steady ramp rate was achieved during the experiments, it proved to be impossible to use
the same ramp rate across multiple experiments with the typical ramp rate varying
between 0.21 and 0.27 K/s. The temperature was only able to be recorded in 30 second
intervals; this temperature data was then input to create a linear function of temperature
with respect to time. This equation would then be used to determine the temperature at a
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certain point during the scanning process. Due to the infrequency of the temperature
recordings, it is likely that the generated function (and also therefore the TPD data)
remains highly inaccurate. Once the problem with the QMS and the data collection
software is addressed, it should be a simple matter of running additional TPD
experiments to determine if this was the source of the discrepancy. Regardless, further
experimentation is needed both to verify the existing data for methanol on vanadium, as
well as to collect new data for methane on vanadium.

CHAPTER 4: CONCLUSIONS
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A custom-built UHV chamber was constructed to provide the laboratory with
greater experimental technique flexibility, this design is optimized to perform both
RAIRS and TPD experiments simultaneously with a minimum obtained pressure of 1.6 x
10-10 torr. The construction and addition of an effusive molecular beam was successful
with trials of the device to begin in the near future. During the construction process of the
analysis chamber, the vanadium surface was successfully characterized through
SEM/EDX and XPS methods, revealing that oxygen and carbon from background gases
were contaminating the surface. The RAIRS and TPD experiments documented here
show that methanol both molecularly and dissociatively desorbs from a V(100) surface at
the temperature ranges of 180 – 190 K and 210 – 220 K. Furthermore, it is shown that
methanol dosing onto vanadium results in the partial oxidation of the surface into
vanadia, though this process is reversible through sputtering and annealing cycles.
RAIRS data has been acquired for methanol adsorbing onto V(100) with all observed
peaks being successfully characterized.
The next step of this investigation would be to switch from methanol to methane.
While both RAIRS and TPD experiments for methane will be conducted, methane will be
dosed through the effusive molecular beam and the gas temperature will be varied. This
will allow analysis of gas versus surface degrees of freedom. Additionally, the
experimental data could be analyzed through transition state theory. After testing
methanol on the V(100) surface, studies involving the same processes on the V(110)
surface will be conducted with the results being compared to the V(100) data in order to
further optimize the reaction pathway.
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APPENDIX: THE HEATED DOSER

This research makes use of an effusive molecular beam to dose methane onto the
surface of the sample. Unlike supersonic molecular beams, which are non-equilibrium for
the gas degrees of freedom, effusive molecular beams produce a gas in which the
rotational, vibrational and translational temperatures describing the gas are all equal (i.e.,
Tg = Tr = Tv = Tt).25-27. By using a smaller orifice, the few molecules that pass through the
hole will do so without undergoing any sort of rotationally cooling collisions with each
other. Gas and surface temperatures can be controlled independently, allowing for
collection of both thermal non-equilibrium and also thermal equilibrium experiments.26,27
The dosed gas’s temperature is controlled through the heated doser itself by heating the
dosing tube. This temperature is monitored through use of a K-type thermocouple. Once
released out of the high-pressure doser tube behind the pinhole into the lower-pressure
chamber, the methane retains its temperature up until it collides with the surface of the
sample.26,27 This method of an effusive molecular beam is used in the context of CH4
when determining the properties of methane dissociation by cross-examining the effects
of multiple parameters. Regardless of how the gas is dosed onto the surface, the sample
temperature can be controlled independently. Usually, this is done by resistive heating
from wires that are spot-welded to the sides of the sample.25,27
The heated doser will assist in obtaining a sticking coefficient for methane on a
vanadium surface, but the backing pressure of the gas behind the heated doser’s nozzle
must be determined. First, the experimental sticking coefficient is obtained through use of
Equation 5.1:
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!

!   !

S(Tg, Ts; ϑ) = ! [!  ! !

!"#   !

– Sbkg(Tc, Ts)]

(5.1)

which is derived in Reference 28 and has parameters explained below. 𝜗 is the angle of
incidence. Tg is the temperature of the gas, which is assumed to be the nozzle temperature
of the doser. Ts is the temperature of the sample’s surface. Tc is the temperature of the
chamber walls. Θc is the percent carbon coverage in a given experiment (target range is
5-10% as carbon coverage is expected to be proportional to the measured sticking
coefficiant). σ is the density of surface atoms, which is calculated below. n is the number
of carbon atoms present in the alkane; and for methane, n is simply 1. Fbkg is the
background flux of molecules on the sample’s surface. This background flux represents
methane molecules that collide with the chamber walls before hitting the sample. τ is the
dosing time. R is the ratio of the direct flux, Fdir, from the effusive molecular beam that
strikes the sample’s surface to the background flux, Fbkg. Sbkg(Tc, Ts) is the sticking
coefficient of background gas, and S(Tg, Ts; 𝜗) is the sticking coefficient of methane. For
these variables, the angle of incidence, 𝜗, is 0o from surface normal. Tg, can range from
300 to 900 K, Ts can range from 100 to 1000 K, and Tc is 296 K. For these calculations
Θc is set to be 7%, as it falls safely within the previously given range of ideal carbon
coverage, and τ has a maximum value of 60 minutes, because surface contamination will
be a large problem at longer experimental times. Fbkg is represented by Equation 5.2:
Fbkg =

!
!"!! !!!

(5.2)

where p is the pressure of the chamber, kB is the Boltzmann Constant, and m is the mass
of a gas molecule. The value for p is 7.0 x 10−10 torr and m was calculated to be 2.664 x
10−26 kg for methane. The surface atom density, σ, was calculated through Equation 5.3:
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σ = n! !

!

(5.3)

!"##

Where 𝑛! is the number of surface atoms per unit cell, A is the surface area of the
sample, and Acell is the visible surface area of a single vanadium unit cell. 𝑛! is 0.5 as
vanadium adopts a bcc crystal structure, A was calculated to be 1.001 x 10−4 m2, and Acell
was measured at 9.181 x 10−20 m2 by using available data on the dimensions of a
vanadium unit cell. Note that we estimated only 80% of the surface sites are available,
because of presumed background contamination, for our calculation of pn below.
Therefore, the originally calculated σ value of 5.45 x 1014 is scaled down to 4.36 x 1014 to
account for the 80% available surface sites. The ratio of the direct flux (Fdir) from the
effusive molecular beam that strikes the sample’s surface to the background flux (Fbkg), R
will be calculated through Equation 5.4:
!

R = ! !"# ≈
!"#

!! !"

(5.4)

!!! !! !!

Note that the direct calculation of Fdir to Fbkg cannot be measured and is, therefore,
approximated, where Cc is the pumping speed in the chamber, and d is the distance from
the sample’s surface to the nozzle of the heated doser. Cc was calculated to be 1.5 x 1010
L/s and d was measured to be 0.0680 meters.
These variables were then combined and used to solve for the backing pressure of the
heated doser’s nozzle, pn, as given by Equation 5.5:
pn =

!  !! !"!!! !!
!!   !!   !!

x 1 −   

!(!!,   !! ,!)! !!
!!!

(5.5)

Where An is the area of the heated doser’s nozzle, which was measured to be 1.327 x 10−6
m2 and the sticking coefficient of methane, S(Tg, Ts; 𝜗), was estimated to be 1 x 10−6
because we suspect that will be our lower limit of detection. Solving for pn in Equation
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5.5 yields a backing pressure of 50.6 torr. A schematic of the heated doser to be used in
these experiments can be seen in Figure 5.1.

Figure 5.1 Schematic of the heated doser where the top two images are a top-down schematic
while the lower image presents a side view.
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